Leukemia phenotypes vary with age of onset. Delineating mechanisms of age specificity in leukemia could improve disease models and uncover new therapeutic approaches. Here, we used heterochronic transplantation of leukemia driven by MLL/ KMT2A translocations to investigate the contribution of the age of the hematopoietic microenvironment to age-specific leukemia phenotypes. When driven by MLL-AF9, leukemia cells in the adult microenvironment sustained a myeloid phenotype, whereas the neonatal microenvironment supported genesis of mixed early B cell/myeloid leukemia. In MLL-ENL leukemia, the neonatal microenvironment potentiated B-lymphoid differentiation compared with the adult. Ccl5 elaborated from adult marrow stroma inhibited B-lymphoid differentiation of leukemia cells, illuminating a mechanism of age-specific lineage commitment. Our study illustrates the contribution of the developmental stage of the hematopoietic microenvironment in defining the age specificity of leukemia.
Introduction
The clinical and pathological features of leukemia, as well as its response to therapy, vary markedly with the age of onset. Among acute leukemias, B-cell acute lymphoblastic leukemia (B-ALL) is most prevalent in children, while acute myeloid leukemia (AML) prevails in older adults. B-ALL of infancy, occurring at <1 yr of age, is a unique entity. Infant B-ALL often shows biphenotypic or mixed-lineage B-lymphoid/myeloid differentiation and is frequently triggered by chromosomal translocations involving the MLL gene (Pieters et al., 2007) . Compared with B-ALL of later childhood, infant B-ALL is associated with poor outcome and requires more intensive treatment with a higher risk of short-and long-term toxicities (Pieters et al., 2007) . Despite these striking age-dependent leukemia phenotypes, the mechanisms by which age impacts the pathobiology of leukemia are largely uninvestigated.
Given the potency of MLL translocations in transforming normal hematopoietic stem and progenitor cells (HSPCs), many mouse models of MLL-driven leukemia exist (Chen et al., 2006; Krivtsov et al., 2008; Barabé et al., 2017; Milne, 2017) . However, to date, these models have not fully recapitulated all aspects of human infant B-ALL. Although the MLL-AF9 translocation causes AML or B-ALL in humans, in mice, it almost invariably drives AML when introduced into mouse HSPCs (Meyer et al., 2013; Milne, 2017) . However, in human cells, the lineage fate of MLL-AF9-transformed human CD34 + HSPCs is sensitive to experimental manipulation of the cytokine milieu when xenografted into adult mice (Barabé et al., 2007; Wei et al., 2008; Lin et al., 2016) . Despite these observations, the significance of the endogenous neonatal hematopoietic microenvironment, particularly a very young microenvironment, to defining leukemia phenotypes during leukemogenesis in infants has not been explored.
Prenatally, the mammalian hematopoietic system follows a strict schedule of maturation whereby the predominant site of hematopoiesis relocates from the liver to the bone marrow (BM) during late gestation. Later, during postnatal aging, HSPCs shift from lymphoid toward myeloid lineage bias in both humans and mice (Rebel et al., 1996; Pang et al., 2011) , which interestingly parallels the shift in predominance from B-ALL to AML that occurs during maturation from infancy to adulthood in humans. In line with this, previous studies comparing leukemogenesis in HSPCs from murine midgestation fetal liver (FL) to those from adult BM have suggested that the developmental age of the leukemic cells of origin may affect disease latency, immunophenotype, and molecular dependencies (Chen et al., 2011; Man et al., 2016) . The developmental maturation of the hematopoietic system could therefore have relevance to the B-lymphoid to myeloid lineage switching that can occur in human infant leukemia at relapse (Rossi et al., 2012) . As such, we hypothesized that the normal developmental maturation of the hematopoietic microenvironment might underpin the age specificity of leukemia pathobiology. Therefore, we aimed to define the relative contributions of both the age of the leukemic cell of origin and the hematopoietic microenvironment in specification of lineage bias in leukemia. We find that the neonatal hematopoietic microenvironment supported B-lymphoid differentiation of MLL-rearranged HSPCs during leukemogenesis, whereas identical cells generated nearly pure myeloid leukemia in adults. Aiming to define age-specific microenvironmental factors regulating leukemia lineage phenotypes, we implicate Ccl5 derived from the adult BM stroma in promoting myeloid differentiation of leukemia. These studies uncover a role for the hematopoietic microenvironment in specifying the lineage of MLL-rearranged leukemia and provide insight into the discordance between adult mouse models of MLL-rearranged leukemia and human infant disease driven by the same translocations.
Results and discussion
We first sought to experimentally evaluate the impact of the cell of origin on leukemic phenotypes. To evaluate cells as a function of age, we isolated Lineagec-kit + Sca-1 + CD127 -(127-LSK) HSPCs from either murine E14.5 FL or 6-8-wk-old young adult BM by FACS ( Fig. S1 A) , transduced these cells with a retrovirus encoding the MLL-AF9 oncogene, and engrafted these cells into congenic sublethally irradiated 8-wk-old adult recipients. We initially chose the MLL-AF9 translocation because this has been reported to invariably induce myeloid leukemia in mice but which can also cause B-ALL in humans (Meyer et al., 2013; Milne, 2017) , and so we aimed to elicit B-lymphoid differentiation in this mouse model using heterochronic transplantation without transgenic manipulation of the microenvironment. We found that leukemia from either cell source manifested as myelomonocytic AML with identical latency and leukemiainitiating cell (LIC) content as measured by in vivo limiting dilution secondary transplantation ( Fig. S1 , B-H).
We next asked if the developmental stage of the microenvironment impacts leukemia differentiation. We transplanted MLL-AF9-transduced adult BM 127-LSK cells into congenic adult (8-wk-old) or neonatal (postnatal [P] day 0-1) recipients and performed necropsy when mice became moribund. Leukemia onset occurred between 68 and 109 d in adults (mean, 79 d; n = 7) and between 76 and 101 d in neonatal recipients (mean, 86 d; n = 9; P = 0.2 by Student's t test compared with adults). Morphological analysis revealed the expected myelomonocytic AML in adult recipients ( Fig. 1 A) . However, leukemia in neonatal recipients contained a small population of agranular cells that appeared to have undergone lymphoid differentiation, interspersed with myelomonocytic cells (Fig. 1 A) . Flow cytometry analysis of neonatal MLL-AF9 leukemia identified a small proportion of cells expressing the B-cell marker B220/CD45R in some leukemias, with coexpression of the myeloid progenitor marker CD16/32 (Fig. 1, B and C). Purified B220 + leukemic cells were morphologically small, with scant cytoplasm, while B220 − cells appeared myelomonocytic ( Fig. 1 C) . At necropsy, neonatal recipients showed effacement of splenic architecture due to infiltration by leukemia-expressing myeloperoxidase, CD11b, as well as focal B220 staining, which was not present in adult tissue ( Fig. 1 D) . These results suggested that transformation of HSPCs by MLL-AF9 in the neonatal microenvironment elicits leukemic B-lymphoid differentiation in a proportion of leukemia cells.
To further investigate this observation, we used serial transplantation to shorten leukemia latency (Puram et al., 2016) , as mice engrafted as neonates with MLL-AF9-expressing HSPCs reach maturity by the time of leukemia onset, which could result in diminishment of the B220 + population as the microenvironment matures. By limiting dilution analysis, neonatal leukemia was more efficient than adult leukemia at engrafting secondary neonatal recipients, while both adult-and neonatal-derived LICs engrafted secondary adult recipients similarly ( Fig. S1 , I-K). Cells from primary neonatal grafts induced leukemia in secondary neonates with a shortened latency of 20-51 d (mean, 26 d; n = 21; P = 0.001 by Student's t test versus primary neonatal recipients). Serial transplantation of neonatal-derived leukemia through neonatal recipients resulted in expansion of the B220 + component, with mixed-lineage leukemia (defined here as a minimum proportion of 5% B220 + cells) in seven out of seven transplanted secondary neonatal recipients, whereas serial transplantation of adult leukemia maintained AML with no mixed-lineage leukemic mice observed (P = 0.0003 by χ 2 test compared with neonatal secondaries; Figs. 2 A and S2 A). We observed maintenance of mixed-lineage leukemia with expansion of the B220 + component in tertiary neonatal recipients (Figs. 2 A and S2 A). Infiltration of the thymus, spleen, lymph nodes, and testes with leukemic blasts occurred in secondary and tertiary neonatal recipients of neonatal MLL-AF9 leukemia (Fig. 2 B) . Analysis of B cell differentiation in MLL-AF9 leukemia showed that B220 + cells were CD24-low CD43 + CD19 − sIgM − and did not undergo Igh rearrangement, consistent with early pre-/ pro-B differentiation (Fig. S2 , B and C). Moreover, serially transplanted neonatal leukemia expressed the lymphoid-primed multipotent progenitor marker Flk2, which is indicative of an early lymphoid progenitor state and not expressed in adult leukemia (Fig. S2, D and E; Pietras et al., 2015) . Interestingly, we found that serial transplantation of adult myeloid leukemia through the neonate could elicit slight B-lymphoid differentiation in some mice ( Fig. S2 A) .
Adult recipients of MLL-ENL-transformed murine HSPCs have been reported to develop a mixed-lineage B-lymphoid/ myeloid leukemia (Zeisig et al., 2003) . To examine the effects of the neonatal microenvironment on leukemia driven by a second MLL translocation, we transduced normal mouse adult HSPCs with MLL-ENL and engrafted these cells in adult or neonatal recipients. In primary recipients, we observed incomplete leukemia penetrance. Leukemia developed in three out of six neonates transplanted (latency, 67-102 d) and five out of eight adults (latency, 68-85 d), but we observed no obvious differences in immunophenotype, with coexpression of myeloid markers and a low B220 signal without mixed-lineage leukemia observed in any primary recipients ( Fig. 2 D) . However, upon secondary transplantation of primary neonatal leukemia into secondary neonatal recipients, we observed the development of mixed-lineage leukemia with the emergence of a population of B220 + cells with lymphoid morphology that were not present in secondary adult recipients, which maintained a phenotype similar to primary adults (mixed-lineage leukemia in four out of eight secondary neonatal recipients compared with zero out of nine secondary adult recipients; P = 0.02 by χ 2 test; Fig. 2 E) . There was complete penetrance of leukemia in secondary transplants (neonatal latency, 23-26 d; adult latency, 22-33 d). These MLL-ENL-driven leukemias underwent Igh recombination as reported previously (Fig. S2 C; Zeisig et al., 2003) . Mixedlineage MLL-ENL neonatal leukemia contained cells expressing CD19 that did not coexpress mature myeloid markers, indicating a more mature B-cell phenotype in this mixed-lineage leukemia compared with MLL-AF9 leukemia (Fig. S2 , G-I; Zeisig et al., 2003) . These data demonstrate that leukemogenesis in an infant murine microenvironment augments pro-B-lymphoid differentiation of MLL-ENL leukemia.
We next sought to identify the niche-derived factors responsible for age-specific effects on lineage. To this end, we isolated whole adult and neonatal BM stromal cells by enzymatic digestion. We found that neonatal and adult BM differed in their stromal cell compositions, in line with developmental changes in BM endothelial cells described previously ( Fig. S3 , A-C; Langen et al., 2017) . We used a cytokine array to identify differentially expressed soluble factors in the conditioned medium released from the adherent fraction of adult or neonatal BM stroma after 48 h of culture. We found that adult BM stromal cells secreted markedly higher amounts of Rantes/Ccl5, Ccl6, and Chi3l1 compared with neonatal stroma ( Fig. 3 A) , a result that we confirmed by quantitative PCR (Fig. 3 B) .
Since Ccl5 was previously reported to influence age-specific lineage bias in normal hematopoietic stem cells (Ergen et al., 2012) , we examined the effects of Ccl5 on neonatal MLL-AF9 
leukemia. Neonatal leukemia cells express the Ccl5 receptors
Ccr3 and Ccr5 (Fig. S3 D) . Furthermore, culture of neonatal leukemia cells with Ccl5 for 7-10 d led to a depletion of the B220 + Gr-1 − /Mac-1 − B-lymphoid population (Fig. 3 , C and D). Exposure of purified populations of B220 + Gr-1 − /Mac-1 − cells or B220 − cells to Ccl5 did not affect proliferation or clonogenicity ( Fig. S3 , E-H). By using a selective inhibitor of Ccr5 (maraviroc), we found that Ccr5 inhibition blunted the effect of Ccl5 on B-lymphoid differentiation, while culture with an inhibitor of Ccr3 (SB297006) in the presence of Ccl5 did not affect Figure 2 . Serial transplantation of adult and neonatal leukemia. (A) Leukemia was transplanted from primary adult recipients into secondary adult recipients or serially from primary neonatal recipients into secondary and then tertiary, neonatal recipients. The number of transplanted recipients with mixedlineage leukemia (defined as a minimum of 5% B220 + cells) out of the total number of recipients is shown in the bottom right of each panel. The baseline B220 + fraction of the primary neonatal leukemia used for secondary transplants was 5.4%, and representative flow cytometry plots from at least two independent transplantations at each passage are shown; numbers on plots indicate percentage of cells in each gate. (B) Representative flow cytometry analysis of leukemia involving the indicated organs following serial transplantation through neonatal recipients. In the gross photograph, a mediastinal tumor in situ is indicated; numbers on plots indicate percentage of cells in each gate. (C) Representative H&E-stained tissues from a tertiary neonatal transplant are shown (scale bar, 100 µm). (D) Mouse adult 127-LSK cells were transduced with a retrovirus for MLL-ENL and transplanted into either adult or recipient mice. At the onset of leukemia, BM was analyzed by flow cytometry with the indicated markers, with representative plots presented; numbers on plots indicate percentage of cells in each gate. (E) Leukemic BM from adult or neonatal primary recipients was transplanted into adult or neonatal secondary recipients, and leukemic BM was analyzed by flow cytometry with the indicated markers. From neonatal secondary transplants, B220 + and B220 − cells were sorted by FACS and morphology examined following May-Grünwald-Giemsa staining (scale bar, 20 µm). Five out of five adult secondary transplants (22-33 d) and eight out of eight neonatal secondary transplants (23-26 d) developed leukemia. Proportions of mixed-lineage leukemias are indicated on flow cytometry plots, with results representative of two independent transplantations; numbers on gates indicate the percentage of cells in that gate.
differentiation of neonatal leukemia cells in culture (Fig. 3 , E and F). RNA sequencing (RNA-seq) of neonatal leukemia cells treated with or without Ccl5 showed that a Ccl5 signature was highly enriched in human MLL-AF9-driven AML, consistent with elicitation of myeloid programs by Ccl5 exposure (Fig. 3 G) . Next, we overexpressed Ccl5 in mixed-lineage neonatal MLL-AF9 ; results are four biological replicates for each condition (i.e., four independent neonatal leukemia donors) analyzed over three independent experiments, analyzed by paired Student's t test; mean ± SEM is presented; *, P = 0.03; **, P = 0.01; +, not significant. Numbers on plots indicate percentage of cells in each gate. (G) Neonatal leukemia cells were cultured with or without Ccl5 for 48 h, at which point RNA was isolated for next-generation sequencing. Differentially expressed genes in Ccl5-treated cells relative control were identified at a P cutoff of 0.05 to establish a signature, which was used for GSEA against a preranked list of differentially expressed genes in human MLL-AF9-driven B-ALL versus AML. FDR, false discovery rate; NES, normalized enrichment score. leukemia cells and engrafted these cells into neonatal recipients. This approach substituted for the more cumbersome strategy of engineering ectopic expression specifically in the recipient stroma. We unexpectedly found that overexpression of Ccl5 signaling significantly delayed both the onset and incidence of leukemia ( Fig. 4 A) , with a trend toward a smaller proportion of B220 + B-lymphoid cells in the resulting leukemia compared with cells expressing a control vector (Fig. 4, B-D) . Moreover, transplantation of mixed-lineage neonatal MLL-AF9 leukemia into Ccl5 −/− adult mice resulted in preservation of B220 expression in the resulting leukemia relative to Ccl5 +/+ recipients (Fig. 4, E and  F) . Finally, although we found that endothelial cells express Ccl5 at the highest level compared with other types of stromal cells, they likely contribute only a small amount to the total adult BM microenvironmental Ccl5, as these cells are significantly outnumbered by other populations expressing detectable Ccl5 in adult BM, such as osteoblastic cells (Fig. S3, B and I) . These data indicate that microenvironmental Ccl5 restrains lymphoid differentiation of MLL-AF9 leukemia and that ectopic Ccl5 signaling can impair mixed leukemogenesis in the neonatal hematopoietic microenvironment.
To better understand the transcriptomic differences between neonatal mixed-lineage or adult myeloid MLL-AF9 leukemia, we examined the lineage − c-kit + CD16/32 + CD34 + leukemic granulocyte-monocyte progenitor (LGMP) compartment, which is enriched for functional LICs (Krivtsov et al., 2013) . We found that neonatal mixed-lineage LGMPs variably expressed B220 and the lymphoid-primed progenitor marker Flk2 (Pietras et al., 2015) , which were not expressed on adult myeloid LGMPs, suggestive of B-lymphoid priming at the LIC level ( Fig. 5 A) . We sorted Flk2 + neonatal LGMPs and Flk2 − adult LGMPs and performed RNA-seq analysis. By gene set enrichment analysis (GSEA), the Flk2 + neonatal LGMPs were enriched in profiles consistent with normal human B cells, while myeloid leukemia cells were enriched for a normal myeloid cell profile, indicative of priming of ultimate lineage fate (Hutcheson et al., 2008; Figure 4 . Ccl5 regulates lineage of MLL-AF9 leukemia in vivo. (A) Neonatal leukemia cells were transduced with a lentivirus bearing a fulllength Ccl5 cDNA and engrafted into sublethally irradiated neonatal recipients. When recipients became moribund, mice were euthanized, and survival data are presented. Results are combined from two independent transplantation experiments. n = 13 mice each in control and Ccl5 group. z = 2.75, P = 0.0006 by log-rank test.
(B and C) Neonatal leukemia cells expressing either ectopic Ccl5 or transduced with empty vector were engrafted into neonatal recipients, and the percentage of lineage − (Gr-1 − /Mac-1 − ) B220 + cells in the resultant leukemia was quantified. Results are aggregated over two independently transplanted cohorts analyzed by Student's t test (mean ± SEM is presented; n = 7 control and 3 Ccl5 mice obtained for analysis; *, P = 0.14). Numbers on plots indicate the percentage of cells in each gate. (D) Representative histology including H&E staining (left) immunohistochemistry for CD11b and B220 (arrows indicate B220 + foci, shown at higher magnification in inset; scale bars, 100 µm (10 µm in the inset). (E) Serially transplanted neonatal mixed-lineage leukemia cells (either tertiary or secondary transplant in two independent transplant experiments) were engrafted into 6-8-wk-old Ccl5 KO mice or age-matched, congenic recipients. Representative flow cytometry profile of the input leukemia is shown, as well as flow cytometry profiles of the resultant leukemia in the indicated recipients. Numbers on plots indicate the percentage of cells in each gate. (F) Quantification of the percentage of B220 + leukemia cells in the indicated recipients. Results are compiled from two independent transplantation experiments with different leukemias used for engraftment in each experiment (analysis by Student's t test; results are presented as mean ± SEM; n = 6 mice obtained for analysis for both the wild-type and Ccl5 KO conditions; *, P = 0.03).
Figs. 5 B and S3 J). Moreover, we found that neonatal
LGMPs showed a signature of a primitive HSPC state, while adult
LGMPs expressed a transcriptome of more mature blood cells ( Fig. 5 B; Jaatinen et al., 2006) . To examine the transcriptomes of uniform populations of leukemic blasts, we transduced murine 127-LSK cells with MLL-AF9 and cultured the cells under prolymphoid (stem cell factor [SCF], Flt3, and IL-7) or pro-myeloid (SCF, IL-3, and IL-6) conditions during transformation. Leukemic cells cultured under lymphoid conditions were uniformly B220 + with a dedifferentiated morphology, while cells cultured under myeloid conditions were uniformly B220 − and appeared as early granulated myeloblasts (Fig. 5 C) . RNA-seq analysis revealed enrichment of profiles of B-lymphoid cells as well as human MLL-AF9 B-ALL in cells transformed under lymphoid conditions, while cells under myeloid conditions expressed a myeloid program as well as that of human MLL-AF9-driven AML (Barabé et al., 2017) . Together, these data indicate that compared with murine adult MLL-AF9 leukemia cells, which manifest myeloid identity, murine neonatal leukemia cells possess transcriptional programs consistent with early B-cell lineage commitment and a primitive HSPC state, consistent with a multipotent B-lymphoid/myeloid identity.
Here, we used heterochronic transplantation to vary the age of the hematopoietic microenvironment while holding constant the leukemic cell of origin, an approach that has, to our knowledge, not been reported previously in the study of leukemia. Given the inherent lineage plasticity that is manifested under experimental conditions and in patients, we hypothesized that MLL-rearranged leukemia would be responsive to the changes in the composition of the hematopoietic niche that occur with age. Indeed we found that the developmental stage of the hematopoietic microenvironment in which leukemogenesis occurs impacts leukemia lineage when the leukemogenic mutation and source of the cell of origin are held constant. In MLL-AF9-transformed HSPCs, the neonatal hematopoietic microenvironment supports early pre-/pro-B-lymphoid progenitor differentiation, with the proportion of B-lymphoid differentiated LGMPs and analyzed by RNA-seq in triplicate (and LGMPs isolated from three independent leukemias as biological triplicates). GSEA was performed to compare preranked lists of differentially expressed genes between neonatal and adult LGMPs to signatures of normal HSPCs relative to mature cells and B-lymphoid cells relative to myeloid cells. Normalized enrichment scores (NES) and false discovery rate (FDR) q-values (FDR q) are reported. (C) Adult mouse BM 127-LSK cells were isolated by FACS and transduced with MLL-AF9. 48 h following transduction, GFP + cells were isolated by FACS and cultured in the presence of either pro-lymphoid (SCF, FLT3L, and IL-7) or promyeloid (SCF, IL-3, and IL-6) cytokines. Cells were passaged at least three times to select for immortalized cells and analyzed by flow cytometry. Cells were also examined morphologically following May-Grünwald-Giemsa staining (scale bar, 10 µm). (D) RNA-seq was performed on leukemia cells cultured either under pro-lymphoid or pro-myeloid conditions (three biological replicates from two independent transformations). A list of differentially expressed genes with log2 fold changes comparing lymphoid to myeloid leukemia cells was generated (samples sequenced in biological triplicates), and GSEA was used to compare the datasets of transcripts either enriched (top left) or depleted (top right) in normal B cells relative to myeloid cells or enriched (bottom left) or depleted (bottom right) in human MLL-AF9-driven B-ALL compared with AML (Hutcheson et al., 2008; Barabé et al., 2017) . NESs and FDR q-values are reported for each analysis. cells correlating with the age of onset of leukemia in serial transplantation. In contrast, transformation of the identical HSPCs in the adult microenvironment promotes myeloid differentiation. By switching the B220 + neonatal leukemia to the adult microenvironment, B220 + expression diminishes (see Fig. 4 E) , while the neonatal microenvironment can elicit modest B220 expression from adult leukemia (see Fig. S2 A) , indicating that the microenvironment can partially reset epigenetically specified lineage fates. Leukemia driven by MLL-ENL undergoes a B-lymphoid expansion when serially transplanted in neonates, an effect not seen in adults. These two translocations generally produce either pure myeloid (MLL-AF9) or mixed myeloid/ B-lymphoid (MLL-ENL) leukemia in mice but can cause either B-ALL or AML in humans (Meyer et al., 2013; Milne, 2017) . Our finding that the young hematopoietic niche can elicit B-lymphoid differentiation in these mouse models suggests that the age of the microenvironment at the time of HSPC transformation may contribute to defining leukemia lineage in humans and explains the discordance of mouse and human systems, since mouse model systems of MLL-rearranged leukemia have been reported using adult mice in the vast majority of cases. Furthermore, our findings may explain the observation that a B-lymphoid-to-myeloid lineage switch can occur when infant B-ALL relapses after treatment later in life in an older microenvironment (Rossi et al., 2012) .
While it is known that experimental variation of the cytokine microenvironment elicits lineage plasticity of MLL-rearranged leukemia in culture and in vivo using genetically modified mice (Barabé et al., 2007; Wei et al., 2008) , we wish to draw a clear distinction between these prior reports and our results. Here, we extend this observation to the clinical relevance of human infant leukemia by tying the lineage state of MLL-rearranged leukemia to the temporal state of the hematopoietic microenvironment by transplanting the identical leukemic cells of origin into isogenic recipients differing only in age. Although infantlike MLL-driven mixed-lineage B-lymphoid/myeloid leukemia can be induced in adult mice by ectopic expression of certain MLL fusion oncogenes seen rarely in humans (So et al., 2003) , we show that this lineage phenotype could be elicited using the otherwise myeloid-biased MLL-AF9 and MLL-ENL in the neonatal hematopoietic microenvironment. The data presented here posit that the young hematopoietic niche contributes to the hybrid B-lymphoid/myeloid differentiation characteristic of human infant B-ALL and suggest that modulation of factors that mediate crosstalk between LICs and the hematopoietic microenvironment, such as Ccl5/Ccr5, may provide a novel therapeutic approach to direct differentiation toward a single lineage that may be more amenable to therapy. Although we implicate Ccr5/Ccl5 in age-specific regulation of leukemia lineage in our system, based on our finding that transplantation of neonatal leukemia into Ccl5 −/− recipients incompletely preserves a mixedlineage phenotype, it is reasonable to conclude that other factors that change with aging, including changes in stromal cell composition, extracellular matrix content, vascularization, and hormonal signaling, collaborate to define the lineage bias of LICs during leukemogenesis at various ages (Langen et al., 2017; Maryanovich et al., 2018) . Current culture-based systems are limited in their capacity to mechanistically account for these factors, as are in vivo transgenic studies, which are biased toward implication of soluble factors. A more complete understanding of developmental maturation within the hematopoietic microenvironment and its impact on leukemia is needed. Nonetheless, our findings demonstrate that normal development and aging of the blood-forming system, which is regulated in part by changes in the hematopoietic microenvironment over time (Rossi et al., 2005; Ergen et al., 2012) , directly impact the pathobiology of age-specific hematologic disease.
Overall, our findings highlight the importance of leveraging paradigms from normal development and aging to improve understanding of the pathogenesis of age-specific disease. Our work reinforces the notion that an important tool in age-specific disease modeling is heterochronic transplantation (Cho et al., 2017) . Future models of human age-specific blood diseases should consider cell-extrinsic microenvironmental factors and their impact on disease phenotypes. This approach has broad applicability to the study and modeling of blood disorders of childhood, which we anticipate will aid the development of novel therapeutic approaches for patients.
Materials and methods

Isolation and transformation of hematopoietic cells
All studies were performed with approval of the Institutional Animal Care and Use Committee at Boston Children's Hospital. Male, adult (6-8-wk-old) C57BL/6J mice were purchased from The Jackson Laboratory (stock number 000664). Mice were euthanized by carbon dioxide asphyxiation and femurs and tibiae isolated. BM was isolated and red blood cells lysed using Red Blood Cell Lysis Buffer (Sigma). BM mononuclear cells were lineage depleted using a mouse Lineage Cell Depletion Kit (Miltenyi Biotech) with magnetic separation. Following lineage depletion, cells were stained with lineage cocktail (Pacific Blue conjugated; details below) and antibodies against CD127 (PE conjugated), c-kit (APC-Cy7 conjugated), and Sca-1 (PE-Cy7 conjugated). 127-LSK cells were sorted on a FACS-Aria cytometer (BD Biosciences) under sterile conditions.
Purified 127-LSK cells were infected with retrovirus bearing the human MLL-AF9 cDNA (derived from pMig-MLL-AF9-EGFP, or pMSCV-neo-MLL-ENL; gifts of Scott Armstrong, Dana-Farber Cancer Institute, Boston, MA) or a control empty vector with GFP alone in some experiments. Retrovirus was packaged using 293-Tx cells (ATCC), and unmanipulated supernatant was used to infect 127-LSK cells. Cells were plated in retronectin-coated 96-well plates (50,000 cells per well) in the presence of retroviral supernatant as well as 3 µg/ml polybrene (Sigma) and 100 ng/ml SCF, 50 ng/ml IL-3, and 10 ng/ml IL-6 (all from R&D Systems). The plates were spun at 2,500 rpm at room temperature for 1 h followed by transfer to 37°/5% carbon dioxide. Cells were infected for 48 h, followed by a second round of FACS to isolate transduced GFP + cells. Following this second sorting, cells were either directly transplanted into conditioned neonatal (P0-P1) or adult (8-wk-old) recipients or transformed in culture.
To overexpress Ccl5 in leukemia cells, we obtained a full-length Ccl5 cDNA cloned into a lentiviral vector from Genecopoiea. High-titer lentivirus was produced in HEK-293 cells and concentrated by ultracentrifugation, and leukemia cells were transduced for 48 h before transplantation into sublethally irradiated neonatal recipients. Flow cytometry analysis was performed on the GFP + Cherry + (transduced) fraction of the resultant leukemia. In these studies, neonatal recipients were randomized to receive either vector-or Ccl5transduced leukemia cells.
Transplantation and limiting dilution assays
For primary transplantation into adult recipients, we used strains isogenic to the engrafted cells, either female C57BL6/J (stock 000664; The Jackson Laboratory) or B6.SJL-Ptprc a Pepc b / BoyJ (stock 002014; The Jackson Laboratory). 2,000-4,000 GFP + 127-LSK cells were injected into adult recipients via the tail vein 1-4 h following a sublethal dose of total body radiation of 675 rad. For primary transplantation into neonatal recipients, timed pregnancies were used to isolate C57BL/6J neonatal mice on the planned date of transplant. On the day of transplant, neonatal mice received a sublethal dose of 350 rad of radiation (Arora et al., 2014) , and a dose of 100-200 GFP + 127-LSK cells were injected via the facial vein. After transplantation, all mice were maintained on antibiotic prophylaxis and in autoclaved cages with sterile food. In all experiments, mice were monitored daily for evidence of morbidity, such as hunched posture, decreased activity, lethargy, or emaciation, and were euthanized by carbon dioxide asphyxiation at this time. Complete blood counts were not routinely monitored before the onset of clinical signs of illness. Occasionally, leukemic mice died before showing signs of morbidity, and by the time the carcass was found, the viability of the BM cells was typically lost. In these cases, these mice were excluded from downstream phenotypic analysis of leukemia cells but included in survival analyses. The onset of detectable morbidity or death was defined as the endpoint for every leukemic transplant recipient.
For secondary transplantation, C57BL/6J recipients were used following an identical conditioning and transplantation procedure as primary transplants, varying only cell dose as indicated in the text. Limiting dilution analysis was performed using Extreme Limiting Dilution Analysis (Hu and Smyth, 2009 ; http://bioinf.wehi.edu.au/software/elda/). Obviously, comparison of adult and neonatal transplant recipients cannot use littermates, and so highly inbred congenic C57BL/6J mice were used in all experiments.
For transplantation into Ccl5 KO mice, the same transplantation protocol was used for these mice as well as age-matched congenic nonlittermate adult recipients in parallel. Mice were 6-8 wk of age. Ccl5 KO mice were obtained from The Jackson Laboratory (stock 5090; Makino et al., 2002) .
Animals were housed in a specific pathogen-free facility with standard light-dark cycles. After irradiation and transplantation, mice were maintained with autoclaved food and water, with water supplemented with Sulfatrim. Health was monitored on a daily basis. Studies adhered to the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Statistical analysis
The statistical methodology used and sample sizes are described in the individual figure legends. t tests were two tailed unless otherwise stated. Results are presented as mean ± SEM unless otherwise stated. A significance level cutoff of 0.05 was used unless otherwise stated. Statistical analysis was performed using GraphPad Prism, Microsoft Excel, and R.
Antibodies and flow cytometry
For flow cytometry, the following mouse antibodies were used in the lineage cocktail: Gr-1 eFluor 450 (clone RB6-865), B220 eFluor 450 (RA3-6B2), CD3 eFluor 450 (17A2), Ter119 eFluor 450 (TER-119); other antibodies used were Flk-2 PE (A2F10), c-kit APC-eFluor 780 (ACK2), CD16/32 PerCp-Cy5.5 (93), c-kit APC (2B8), B220 PECy7 (RA3-6B2), sIgM eFluor 660 (II/41), and CD19 PE (eBioD3) from eBioscience; CD34 Alexa Fluor 700 (RAM34) from BD Biosciences; Sca-1 PECy7 (D7), CD43 PECy5 (1B11), CD24 Alexa Fluor 700 M1/69), CCR1 APC (S15040E), CCR3 PE (J073E5), and CCR5 PE (HM-CCR5) from BioLegend. Antibodies used in FACS sorting of BM stromal cell populations were CD31 FITC (390), CD51 PE (RMV-7), Sca-1 PE-Cy7 (D7; BioLegend), and Mac-1/CD11b Alexa Fluor 700 (M1/70; BD Biosciences). Flow cytometry analysis was performed on an LSR Fortessa (BD Biosciences) and sorting performed on a FACS-Aria (BD Biosciences).
Morphological analysis
Mouse BM, spleen, thymic, or nodal tissue was dissociated into a single-cell suspension. Cells were spun onto Cytoslides (Thermo Scientific) and stained with May-Grünwald and Giemsa stains (Sigma). In some experiments, cells were purified by FACS before spinning onto slides and staining. Cell morphology was examined for stage of differentiation arrest and lymphoid or myeloid morphology blindly. For examination of tissue sections, fresh tissue was fixed in 4% paraformaldehyde overnight and dehydrated with 70% ethanol before embedding and staining with H&E by standard techniques.
Drug treatment
Maraviroc was obtained from Sigma and used at 2 μM. SB-297006 was obtained from Tocris and used at 1 μM.
Isolation of BM stroma BM stromal cell populations were isolated by enzymatic digestion and sorted according to published protocols (Suire et al., 2012; Schepers et al., 2013) . Cells were either analyzed by flow cytometry or sorted by FACS immediately following enzymatic digestion or plated on fibronectin-coated plates and cultured in minimal essential medium with 10% fetal calf serum. CD11b was excluded from the hematopoietic cell lineage cocktail in these experiments to quantify macrophage content.
Quantitative PCR
The following quantitative PCR primers were used: mouse Ccl5: forward, 59-TGCTCCAATCTTGCAGTCGT-39; reverse, 59-GCA AGCAATGACAGGGAAGC-39; and mouse β-actin primers: forward, 59-CAGAAGGAGATTACTGCTCTGGCT-39; reverse, 59-TAC TCCTGCTTGCTGATCCAC-39.
Cytokine analysis BM stromal cells were isolated from adult (6-8 wk) or neonatal (P0-P1) C57BL6/J mice by enzymatic digestion with collagenase and dispase and plated on fibronectin. Cells were cultured in minimal essential medium with 10% fetal bovine serum and plated at identical density. 48 h after plating, the culture supernatant was collected and used to probe the mouse XL cytokine array (R&D Systems) per the manufacturer's guidelines.
Histology and immunohistochemistry
For tissue analysis, tissue was fixed with buffered formalin or 4% paraformaldehyde, embedded, sectioned, and stained with H&E according to standard techniques. Immunostaining was performed using the following antibodies at 1:50 dilutions: antimyeloperoxidase (ab9535; Abcam), anti-B220 (ab64100; Abcam), and anti-CD11b (ab133357; Abcam). Slides were dewaxed with xylene and rehydrated through a series of washes with decreasing percentages of ethanol. Antigen retrieval was performed in 10 mM sodium citrate buffer, pH 6.0, by placement in decloaking chamber for 30 min at 95°C. Immunohistochemistry was performed with Elite ABC kit and DAB substrate (Vector Laboratories) according to the manufacturer's protocol.
IgH recombination assay
The germline mouse Igh locus was detected as described previously (Schlissel et al., 1991) . D-J recombination was detected using the DFS, DQ52, and JH4A primers as described previously (Ehlich et al., 1994) .
RNA-seq and data analysis
Total RNA was isolated using Trizol (Invitrogen) per the manufacturer's protocol. Purified RNA was subjected to polyA selection using the NEBNext Polyadenylated mRNA Magnetic Isolation Module and subsequently used for library preparation with the NEBNext Ultra RNA Library Prep Kit (both from New England Biolabs). Libraries were analyzed on a Tapestation (Agilent) for quality control and quantified using the Qubit dsDNA HS Assay (Invitrogen), and equimolar pools were sequenced on HiSeq 2500 using 75-bp single-end protocols.
For raw data processing, fastq files containing single-end RNA-seq reads were aligned with Tophat 2.0.12 (Kim et al., 2013) against the UCSC mm10 reference genome using Bowtie 2.2.4 with default settings (Langmead and Salzberg, 2012) . Gene level counts were obtained using the subRead featureCounts program (v1.5.1) using the parameter "--primary" and gene models from the UCSC mm10 Illumina iGenomes annotation package (Liao et al., 2014) . Read counts were normalized using size factors as available by the DESeq2 package (Love et al., 2014) . Unsupervised hierarchical clustering of pairwise sample-to-sample Spearman's rank correlation coefficients was performed using Euclidean distance as the distance metric and ward.D as the linkage method. Heat maps were plotted using the pheatmap R package.
For comparing mouse and human leukemia, we used published RNA-seq data from human CD34 cells transformed with MLL-AF9 and engrafted into immunodeficient mice, where both AML and ALL are generated in vivo (Barabé et al., 2017) . These human leukemia datasets were downloaded from the Gene Expression Omnibus (accession no. GSE71691).
Differential expression of mouse RNA-seq data was performed using DESeq2 with standard parameters. Differential expression of human RNA-seq data (fragments per kilobase per million values downloaded from the Gene Expression Omnibus, accession no. GSE71691) was performed by computing the ratio between the mean expression of each gene in AML samples compared with ALL samples. P values were computed using an unpaired t test.
For GSEA, we generated lists of differentially expressed genes and used a preranked list of relative transcript expression comparing myeloid versus lymphoid mouse leukemia cells to the top 100 enriched or depleted transcripts in human AML compared with ALL. GSEA was performed as described using the Molecular Signatures Database (Mootha et al., 2003; Subramanian et al., 2005) . Gene ontology analysis was performed using PANTHER classification (http://www. geneontology.org; Mi et al., 2013) .
RNA-seq data were deposited in the Gene Expression Omnibus under the SuperSeries accession no. GSE105087, including the datasets GSE105085, GSE105086, and GSE113974.
Online supplemental material Fig. S1 shows the scheme for sorting 127-LSK cells, characterization of leukemias from FL and BM sources, and serial transplantation with limiting dilution data. Fig. S2 shows quantification of serial transplantation through neonates and adults and further characterization of MLL-AF9 and MLL-ENL adult and neonatal leukemias. Fig. S3 shows analysis of adult and neonatal stromal populations, Ccl5 effects on leukemia cell subpopulations, and RNA sequencing data of B cell-specific transcripts.
